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Abstract 
The polycrystalline samples of   Bi1-xAxFeO3 (A=La, Nd; x=0-0.2) were prepared by a conventional 
solid-state reaction method. The effects of varying the Nd and La doping concentration on the 
crystalline structures, magnetic properties and temperature of antiferromagnetic phase transition TN of 
the Bi1-xAxFeO3 compounds have been investigated. It is found that Nd doping resulted in a sequence 
of structural phase transitions and the destruction of the space modulated spin structure near x=0.15 in 
these materials. 
The temperature dependences of the magnetic ac-susceptibilities of the samples were obtained. The 
ac-susceptibility vs. temperature curve of BiFeO3 has a sharp peak at 646 K that corresponds to the 
antiferromagnetic phase transition TN. With the increase of rare-element doping concentration for both 
series of samples the Neel temperature  TN  shifts toward high temperatures. 
Specific heat capacity for all series of samples was measured in the temperature range of 350–750 K 
with the modulated-temperature differential scanning calorimeter. The phase transitions from 
antiferromagnetic to paramagnetic state were observed for all samples.  The measurements of 
magnetocapacitance indicated the dependence of the magnetodielectric effect from the doping level of 
the rare-earth substitution x. 
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1. Introduction 
Recently, materials that exhibit coexistence of the ferroelectric and magnetic ordering are 
attracting more attention, though they were discovered as far back as 1958 by Smolenskii and co-
Physics Procedia
Volume 75, 2015, Pages 10–17
20th International Conference on Magnetism
10 Selection and peer-review under responsibility of the Scientiﬁc Programme Committee of ICM 2015
c© The Authors. Published by Elsevier B.V.
  
authors [1, 2]. This is not only due to the possibility of potential applications in devices with the 
magnetoelectric transformation, but also because of the interesting phenomena in this class of 
materials. These materials have real technical application due to the observation of effects with a 
magnetoelectric coupling such as magnetoelectric (ME) effect and magnetocapacitance [3-4]. 
Moreover, multiferroics show the relationship of the structural, magnetic and ferroelectric properties  
near the temperature of phase transitions.Compound BiFeO3 is a very convenient material for the 
studies of the magnetoelectric properties. It has a low conductivity, simple chemical structure and high 
points of the magnetic (TN ~643 K) and ferroelectric (Tc~1083 K) transitions [5, 6].  It can show  ME- 
effect at the room temperature, but the space- modulated spin structure (SMSS) [4, 7-8] suppresses 
this effect. SMSS is destroyed by a high magnetic field, substitution of Bi in BiFeO3 by rare-earth 
ions, preparing BiFeO3 thin films and etc [9-15]. One ways to optimize the properties of such objects 
is to dope BiFeO3 by the rare-earth elements (REE). In addition, the substitution of Bi by REE results 
in an increased compositional disorder in the system, which may favor the appearance of new weakly 
ferromagnetic phases [14]. The effect of the La (Nd) substitution for Bi in BiFeO3 on the physical 
properties is interesting, and the Bi1-xLa(Nd)xFeO3 system has been studied by several authors [6–9]. 
Structural properties and phase transition were investigated for the system Bi1-xLaxFeO3 in  [14, 17, 
31]. Structural transition and shifting of ТN with change of the La doping concentration were reported. 
The results of these studies are controversial and depend on many factors, in particular, the method of 
preparing samples, density, presence of impurity and a second phase. A similar situation exists in the 
system with Nd substitution and needed compared with the results of samples with the same physical 
properties. In general, there are more questions than answers. Therefore, as a subject for the 
investigation we used ceramic samples of Bi1-xAxFeO3 with rare-earth La (Nd) ions substitution. 
2. Experiment 
Bi1-xAxFeO3 ceramics with A = La, Nd and x = 0.05, 0.10, 0.15, 0.20 were prepared by the 
conventional solid-state reaction method. The high-purity oxides Bi2O3, Fe2O3 and A2O3 were mixed 
and calcined at T1=1023 К for 10 hours and T2=1023÷1073 К for 5 hours, depending on the 
composition. With the increase of the REE content, the second calcination temperature T2 was 
increased by ~ 10 К per every 4 mol % REE.  This temperature was limited by the appearance of 
traces of a liquid phase. The two-stage synthesis provides a more complete proceeding of the reaction 
and the obtaining of substances without any impurity of foreign phases. A unique feature of synthesis 
of the compounds of solid solutions under study is the increased strength of the sintered bodies. This 
effect is due to the proximity of the synthesis temperature to the incongruent melting temperature and, 
as a consequence, to the increased mutual diffusion of the components. It this case, for the repeated 
synthesis and, especially, for the following sintering it is necessary to use sufficiently fine-grained 
powders the preparation of which is a fairly complicated technological process because of the 
difficulties in crushing and grinding the sintered bodies formed after the calcination. The phase 
composition and microstructure of ceramic samples were examined with an X-ray powder diffraction 
XRD and scanning electron microscopy. XRD measurements were carried out with a  ULTIMA IV 
Rigaku diffractometer with Cu Kα radiation and a graphite monochromator. The linear (a), angular 
(α), and volume (V, perovskite cell volume) parameters were calculated by the standard technique. The 
grain structure of the samples was analyzed with a  Hitachi TM-1000 scanning electron microscope 
(resolution of up to 30 nm, magnification of up to 104). The Mossbauer spectra were measured with a 
specially designed (Institute of Physics, South Federal University) MC1104Em spectrometer with a 
57Co gamma-ray source in a Cr matrix. Specific heat measurements were performed with a DSC 
calorimeter 204 F1 Foenix. The magnetic susceptibility measurements were performed on automatized 
modulation magnetometer with amplitude of the modulation field - 0.5 Oe. Magnetizations vs. 
magnetic field measurements were obtained with a vibrating sample magnetometer MACRIEL. The 
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samples for the magnetic measurements made in form of thin cylinders. The magnetodielectric effect 
(magnetocapacitance) was calculated from the formula  
οߝሺܪሻ
ߝሺͲሻ ൌ
ߝሺܪሻെߝሺͲሻ
ߝሺͲሻ  *100 %, 
where ε(H) and ε(0) are the permittivity in a magnetic field and in the absence of it, respectively. 
3. Results and discussion 
 
The dependences of the structural parameters on the composition of Bi1 – xAxFeO3 ceramics at room 
temperature are shown in Fig. 1. The rhombohedral (Rh) phase (typical of BiFeO3) is retained over the 
concentration range in Bi1 – xLaxFeO3 and up to х = 0.15 in Bi1 – xNdxFeO3. A monoclinic (M) phase 
arises in ceramics containing Nd at х > 0.10, 
coexists with the Rh phase in the range 0.10 < х 
≤ 0.15 (morphotropic region), and 
independently crystallizes at х > 0.15. In the Rh 
phase, the structural parameters change in a 
similar fashion in both systems: the volume 
declines especially sharply at 0.05 ≤ х ≤ 0.10; 
parameter а increases; and the rhombohedral 
angle α decreases with an increase in the А 
content.  The constancy of the Vexp Rh and Vexp 
М values in the morphotropic region of the Nd-
containing system is obviously due to the invar 
effect, characteristic for a region of the 
coexistence of phases with different symmetries 
[19]. Study of the microstructure showed that at 
х ≤ 0.10, BiFeO3 and its solid solution Bi1 – 
xAxFeO3 are characterized by a multielemental 
microstructure of the basic connected matrix–
pores–minority phase type, and the 
microstructure homogeneity increases with an 
increase in the (La, Nd) content х to more than 
10 %. The Mossbauer spectrum of BiFeO3 (Fig. 2a) is a superposition of two Zeeman sextets and two 
paramagnetic doublets. The doublets correspond to a phase containing impurity iron, while the two 
Zeeman sextets are due to the presence of a spatial spinmodulated   structure in BiFeO3 [20–22]. 
 Fig.1. Dependences of the unit cell parameter, 
experimental and theoretical unit cell volumes of the 
(solid line) Bi1–xNdxFeO3 and (dotted line) Bi1–xLax 
FeO3 solid solutions on x: (1) bM; (2) angle α; (3) 
aRh; (4) (a= c)M; (5) angle β; (6) Vtheor; and (7, 8) 
Vexp of the monoclinic and rhombohedral  cells, 
respectively. 
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Fig.2. Mossbauer spectra of the (a) BiFeO3 and (b) Bi0.8Nd0.2FeO3 ceramics, measured at room temperature in 
the rate range ±12 mm/s. 
Figure 4b shows as an example the Mossbauer spectrum of the Bi0.8Nd0.2FeO3 ceramics. The 
presence of one Zeeman sextet in the Mossbauer 
spectrum of Bi0.8Nd0.2FeO3 solid solution indicates 
the destruction of the SM structure in it; this is 
apparently related to the phase transition from the Rh 
phase to the M phase. The spectrum of Bi0.8La0.2FeO3 
retains two Zeeman sextets; hence, in this case the 
SM structure is preserved at room temperature. The 
results of magnetic susceptibility measurements for 
Bi1– xAxFeO3 (A=La, Nd; x=0-0.2) ceramic samples 
obtained by a modulation magnetometer in the 500-
800 K temperature interval are presented in fig.3. 
The peak obtained in ᵪ(T) curve for pure BiFeO3 at 
646 K is known to be due to the antiferromagnetic 
ordering in this compound.  The anomaly of 
magnetization at 644 K also was observed in ref. 
[17]. With increase of  the substitution level of La 
and Nd, the antiferromagnetic Neel temperature 
increases toward high temperatures (TN is about 672 
K for 20-%  La-doped and 660 K for Nd-doped 
samples).  The Neel temperature is about 738 K for 
LaFeO3 [23] and 698 K for NdFeO3 [24]. Therefore, 
with increasing the content of La and Nd 
substitution, the TN  should increase in the 
Bi1−xAxFeO3  (A=La, Nd) system. Gabbasova et al. 
[14] and Thakuria at al., [31] also observed this 
temperature shift in the La-doped BiFeO3 compound. 
Yuan-Hua Lin et. al. also obtained magnetic 
measurements for pure and La- doped BiFeO3 but 
   
 
Fig. 3. The temperature dependencies (500-
800K) of the  magnetic ac-susceptibility (ᵡ) for 
Bi1– xLaxFeO3 (a) and Bi1 – xNdxFeO3 (b) ceramic 
samples. 
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Fig.4. Temperature dependences of the 
specific heat for Bi1-xAxFeO3 ceramic samples 
(A=La, Nd and x=0; 0.05; 0.1;0.15;0.2)  
they observed the Neel temperature shift toward room temperature [17]. The authors suggested that it 
may be due to impurity phase and related defects during the high-temperature sintering in these 
BiFeO3-based ceramic samples. The magnetizations vs. magnetic field measurements also confirm the 
increase of magnetic properties with change of the 
REE doping level [25, 26].   Pure BiFeO3 is 
known to be antiferromagnetic with a G-type 
magnetic structure but has a residual magnetic 
moment due to the canted spin structure. The 
magnetization of our BiFeO3 sample is small and 
grows linearly with the magnetic field. When the 
doping content of La and Nd is below 0.1, the 
REE substitution can only suppress but not 
destroy the spin cycloid structure completely, and 
results in a limited increase of magnetic properties 
[29].  The magnetic properties of Bi1-xAxFeO3 
solid solutions change occurs not only on account 
of magnetic moment and ionic radiuses, but also 
because of La and Nd ions magnetic moments 
anisotropy. 
  Fig.2. shows the results of specific heat 
measurements for all samples in the temperature 
interval 350-750 K. The peak obtained in specific 
heat measurements at 642 K for pure BiFeO3 is 
known to be due to the antiferromagnetic 
ordering in this compound. With increasing the 
doping content of La, the antiferromagnetic Neel 
temperature increases towards high temperature ( 
TN  is about 658 °K for x=0.2 La-doped sample) 
and the peak width does not change as compared 
to the pure BiFeO3 sample. But for the x=0.15 La-doped sample anomalous decreasing of TN toward 
room temperatures was observed. This anomaly may be due to occurrence inhomogeneity of 
microstructure in x=0.15 and presence of second impurity phases, which  was confirmed with a 
structure analysis and scanning electron microscopy measurements. The similar phase transformation 
behavior was also observed in the La оr Nd-doped BiFeO3 ceramics by Yuan et al.[27], Shamir et 
al.[28] and Yuan-Hua Lin et. al. [17]. 
 In the case of Nd-doped samples, TN also increase toward high temperatures with decreasing for 
x=0.15 Nd-doped sample.  The decrease of ТN for x=0.15 Nd-doped sample may be due to structural 
phase transition in region 0.10 ≤ х ≤ 0.20.  
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Fig.5. Dependence of the magnetodielectric 
effect from doping  level of the  rare-earth 
substitution x for Bi1– xNd(La)xFeO3 solid 
solutions. 
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The anomalies of the dielectric permeability, spacing parameter, specific heat, thermal 
conductivity and heat capacity near the temperature of antiferromagnetic order TN were observed in all 
samples and are related to the correlation between magnetic and ferroelectric subsystems which is 
typical for multiferroics [30].   
 
The results of the magnetodielectric effect measurements showed that an increase in the 
magnetocapacitance is associated with an increase in the degree of interaction between the dipole and 
magnetic subsystems.   The dependences of the magnetodielectric effect on the А content contain two 
plateaus: the first (0.05 ≤ х ≤ 0.10) is apparently caused by a change in the dominant mechanism of the 
solid solution formation (from interstitial to substitutional), while the second (0.15 ≤ х ≤ 0.20) could 
be due to the invar effect, characteristic for the regions of the coexistence of different phases or phase 
states (rhombohedral  and monoclinic, in our case).  
4. Conclusions  
 
The La and Nd -doped BiFeO3 bulk ceramics were synthesized by the conventional solid-state 
sintering method. The XRD analysis indicates that the structure phase transition from rhombohedral to 
monoclinic occurred near x=0.15 for Bi1-xAxFeO3 samples, while the structures of the La- doped 
samples does not change. According to the Mossbauer data, the spatially modulated spin structure is 
retained over the range of La concentrations but it destroyed in the morphotropic region (at the 
transition from the rhombohedral to the monoclinic phase) in the Nd-doped system. An increase in the 
content of rare earth elements enhances the magnetic properties and magnetoelectric interactions in all 
of the solid solutions. Phase transitions from antiferromagnetic to paramagnetic state were observed 
for both series of samples and Neel temperature shifts toward high temperatures with increasing of the 
REE substitution level x. 
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